The effects of adding cysteamine, EGF, and glucose as an energy substrate under low oxygen tension during in vitro maturation (IVM) were examined to find ways of improving the individual in vitro production (IVP) system in individually cultured bovine oocytes. The basic medium was mSOFaa containing 1 mg/ml polyvinyl alcohol. Immature oocytes were individually cultured in an IVM medium with 10 ng/ml EGF, 100 µM cysteamine, or EGF plus cysteamine under 20% or 5% O2. Cleavage and blastocyst rates were significantly higher (P<0.05) in IVM culture was under 20% O2 than in culture under 5% O2. Under 5% O2, neither EGF nor cysteamine improved embryonic development. The proportion of matured oocytes was significantly higher (P<0.05) in the presence of 1.5 mM glucose under 20% O2 (68.6%), and 5.5 mM (66.7%) and 10 mM (65.5%) glucose under 5% O2. The presence of 5.5 mM glucose significantly (P<0.05) increased the maturation rate compared with the absence of glucose, irrespective of addition of EGF and cysteamine. The addition of cysteamine alone in the maturation medium significantly (P<0.05) increased the intracellular GSH concentration in the oocytes. Also, under 5% O2 cysteamine and/or EGF significantly (P<0.05) improved the proportions of penetrated oocytes, cleavage and blastocyst formation, which were similar levels to those of oocytes matured under 20% O2. After vitrification, the re-expanding and hatching rates of blastocysts derived from the individual IVP system containing cysteamine under 5% O2 were significantly (P<0.05) higher than those of blastocysts derived from the individual IVP system without cysteamine under 5% O2 and the group IVP system under 20% O2. The present study showed that a high glucose level (5.5 or 10 mM) was optimal in IVM culture under low (5%) oxygen tension. The addition of EGF and/or cysteamine to the maturation medium had no positive effect on nuclear maturation, but improved fertilizability, developmental competence and cryoresistance following vitrification, probably due to increased GSH synthesis during the IVM process.
n individual in vitro production (IVP) system consisting of in vitro maturation (IVM), in vitro fertilization (IVF) and in vitro culture (IVC) in which bovine oocytes are cultured individually to the blastocyst stage [1] [2] [3] has been established for o btaining mo re precis e info rm at ion o n the developmental competence of individual oocytes. There have been several st udies describing individual IVP systems for different species [4] [5] [6] . We obtained bovine blastocysts in an individual IVP system using a chemically defined medium, although the frequency of blastocyst formation was unsatisfactory compared with the blastocyst yields from a group IVP system. Embryonic development in vitro is affected by the initial quality of aspirated o ocyt es a nd oo cyt e m a tura tio n co nditio ns. Deficient oocyte maturation, especially cytoplasmic maturation, may be related to low blastocyst formation. Therefore, to induce complete oocyte maturation, it is necessary to improve the IVM system. Recently, the importance of the redox state d u r i n g o o c y t e m at u r a t i o n a n d em br yo n ic development has been demonstrated. In this study, we attempted to improve the IVM system with respect to the redox state in individually cultured oocytes.
In vitro culture is generally conducted under a higher oxygen tension (5% CO2 in air) than that of the in vivo environment [7] , resulting in the increased production of reactive oxygen species (ROS) [8] . Excessive accumulation of ROS can cause a reduction in intracellular glutathione (GSH) in the o o c y t e an d i m p ai r m e n t o f d e v e lo pm en t a l competence in the embryo [9] . Intracellular GSH plays an important role in maintaining the redox state of the oocyte, and is synthesized during oocyte maturation [10, 11] . Therefore, increasing the synthesis of GSH and preventing the decrease of GSH caused by ROS are important factors for improving IVM conditions. In order to decrease the production of ROS, the use of a low (5%) oxygen tension for in vitro culture of bovine embryos has had a beneficial effect on embryonic development [12, 13] . In addition, this oxygen t en sion h as bee n sug gest e d as a n opt im al concentration for mice and hamster ooyctes to attain nuclear maturation [14, 15] . Hashimoto et al. [16] also reported that oocytes matured under high oxygen tension contained more ROS than those matured under low oxygen tension. The addition o f t h i o l c o m p o u n d s s u c h a s c y s t e i n e , βmercaptoethanol and cysteamine to the maturation media enhanced the de novo synthesis of GSH in the oocyte [2, [17] [18] [19] . GSH is synthesized and d eg r ad ed by t h e α -gl ut a m y l cy c l e a nd it s biosynthesis depends on the availability of cysteine in the medium [20, 21] . However, cysteine is unstable in the medium and readily oxidizes to cystine [22] . Cysteamine in a culture medium can reduce cystine to cysteine and promotes the uptake of cysteine, enhancing GSH synthesis [23] . The concentration of cystine in mSOFaa used in the present study was 99.87 µM, but the medium did not contain cysteine. From these reports, we hypothesized that the addition of cysteamine to the maturation medium would increase the efficiency of the IVM medium. Also, addition of EGF to a maturation medium increased the intracellular GSH content in porcine oocytes [24] . However, to our know ledge, there ha ve been no reports indicating whether or not EGF can stimulate GSH synthesis in bovine oocytes individually matured in a chemically defined medium.
In the present study, we examined the effects of adding cysteamine, EGF, and glucose as an energy substrate under low oxygen tension during IVM on o o c y t e m a t u r a t i o n , i n t r a c e l l u l a r G S H concentration, fertilizability and embryonic development, for improving the performance of the individual IVP system. Furthermore, the quality of blastocysts derived from oocytes matured under low (5%) oxygen tension was also evaluated by testing the survival of blastocysts after vitrification.
Materials and Methods

Oocyte collection and in-vitro maturation (IVM)
Bovine cumulus-oocyte complexes (COCs) were collected from 2-6 mm follicles of slaughterhouse ovaries, and oocytes with compacted cumulus cells and homogeneous cytoplasm were selected and washed in mSOFaa-HEPES supplemented with 1 mg/ml polyvinyl alcohol (PVA : Sigma Chemical Co., St. Louis, MO, USA) (wash medium). COCs were randomly allocated to different treatment groups. The basic IVM medium was mSOFaa supplemented with 1 mg/ml PVA (mSOFaa-PVA), 1 mM glutamine, 0.02 IU/ml of porcine pituitary follicule-stimulating hormone (Antrin; Denka Chemical Co., Ltd., Kawasaki, Japan), and 1 µg/ml estradiol-17 β (Sigma, USA). Each COC was cultured for 22-24 h in an 8 µl drop of the IVM medium at 39 C under an atmosphere of 5% CO2 in air (20% O2) or under 5% CO2, 5% O2, 90% N2 at high humidity.
Sperm preparation and in-vitro fertilization (IVF)
A frozen straw of semen from a Japanese black bull was thawed at 37 C and centrifuged (500 g) for 3 min. An aliquot of centrifuged semen was incubated with 2 ml of mSOFaa-PVA without glucose or CaCl2 in a 1 h swim-up procedure [25, 26] , and the top 1.6-1.8 ml of the medium was collected and further centrifuged (500 g) for 10 min to remove the remaining semen extender. After IVM, the oocytes were washed three times in the wash medium. Then, each oocyte was placed in an 8 µl drop of fertilization medium, and sperm suspension (final concentration per drop: 1 × 10 6 spermatozoa/ml) was added to each drop. The f e r t i l i z a t i o n m e d i u m w a s m S O F a a -P V A supplemented with 20 µM penicillamine, 10 µM hypotaurine, 2 µM epinephrine, and 5 IU/ml heparin. The oocytes were co-incubated with spermatozoa for 22 h at 39 C in an atmosphere of 5% CO2 in air at high humidity.
In vitro culture (IVC)
T h e m e d i u m fo r I V C w a s m S O F aa -P V A supplemented with 2.77 mM myo-inositol, 0.34 mM trisodium citrate, 2 mM glutamine, and 100 mg/l ascorbic acid. At 22 h after insemination, the oocytes were denuded from cumulus cells by repeated pipetting and vortexing for 2-3 min in 1 m l o f w a s h m e d i u m c o n t a i n i n g 1 m g / m l hyaluronidase (Sigma, USA). Each oocyte was then cultured in a 6 µl drop of IVC medium at 39 C in an atmosphere of 5% CO2, 5% O2, 90% N2 at high humidity. Cleavage (2-8 cell) and development to blastocysts were observed at 72 and 192 h post insemination (hpi), respectively.
Culture media
Basic culture medium was mSOFaa medium consisting of 117.7 mM NaCl, 7.16 mM KCl, 1.19 mM KH 2 PO 4 , 0.49 mM MgCl 2 , 0.33 mM sodium pyruvate, 0.75 mg/mL kanamycin sulphate, essential amino acids (Life Technologies, Inc., Grand Island, NY, USA) and nonessential amino acids (Life Technologies) In addition, several modifications were made to this medium for IVM, IVF and IVC media.
Oocyte fixing and staining
To determine the nuclear stages following in vitro maturation, the proportion of oocytes at the second m etaphase st ag e (M-II) w as exam ined. To determine the proportion of fertilized oocytes, they w e r e ex am i n ed f o r e v id e nc e o f n o r m al o r polyspermic (m ore tha n two pronuclei a nd decondensed sperm heads) fertilization. Normal f er t il iz at io n w as d efi ne d as m o n o s p er m i c penetration with male and female pronuclei and a sperm-tail, and oocytes without a male pronucleus were not considered to be normally fertilized. The cumulus cell-free oocytes and putative zygotes were fixed in 25% (v/v) acetic acid in ethanol for 24 h, and stained in 1% (w/v) orcein in 45% (v/v) acetic acid solution.
Group IVP
The method of group IVP used in this study is the standard protocol of our laboratory, which routinely ensures a blastocyst yield of 30%. IVM medium was TCM199 supplemented with 10% (v/ v) fetal calf serum (FCS; heat-treated at 56 C for 30 min), 1 mM glutamine, 0.02 IU/ml of porcine pituitary follicle-stimulating hormone and 1 µg/ml estradiol-17β (10 bovine COCs/50 µl drop). The IVF medium was modified Tyrode's medium (mTALP: [26] ) containing 6 mg/ml BSA (Sigma), 20 µM penicillamine, 10 µM hypotaurine, 2 µM epinephrine and 5 IU/ml heparin (5 matured oocytes and spermatozoa/50 µl drop). The medium for IVC was mSOFaaic [27] supplemented with 8 mg/ml BSA (5-8 presumptive zygotes/20 µl drop). Except for the culture media, the methods of IVM, IVF and IVC were the same as those described above.
Glutathione (GSH) assay
The amount of intracellular GSH in the oocytes was determined using the enzymatic cycling assay of Tietze [28] . The oocytes were freed from the cumulus and corona radiata cells by agitation using a n ar ro w bo r e gl as s pi pet t e i n D ulb ec co ' s phosphate-buffered saline (PBS; Ca 2+ , Mg 2+ free, Sigma) containing 1 mg/ml PVA (PBS-PVA) and w a s h e d t h r e e t i m es i n t h e s am e m ed i u m . Subsequently, a group of 30 oocytes in 10 µl of PBS-PVA was transferred to a microtube. The oocytes were then frozen (-20 C) and thawed twice. After freezing and thawing, 5 µl of 1.25 M H3PO4 was added and the oocytes were disrupted completely by ultrasonication. Samples were mixed with 1.2 ml of 0.2 M phosphate buffer containing 10 mM EDTA (Sigma) and 1.2 ml of distilled water. After rapid mixing with 100 µl of 10 mM 5, 5'-dithiobis 2nitrobenzonic a cid (DTNB; S igma), 50 µ l of glutathione reductase (Oriental yeast Co., Ltd., Tokyo), and 50 µl of 4.3 mM NADPH (β-NADPH; Oriental, Japan), the increase in absorbance at 412 nm from 30 sec to 5 min was measured. The total GSH concentration (nM/30 oocytes/10 µl) was calculated by reference to a standard curve prepared with authentic GSH.
Vitrification and warming
Vitrification of blastocysts was performed ac cord ing to the gel-lo ading tip m etho d of Tominaga and Hamada [29] with modification. The gel-loading tip (GL-Tip; 124-R204: Quality Scientific Plastics, USA) was processed by cutting 10-15 mm off the tip. To perform three-step vitrification, two equilibration solutions (ES1, 2) and one vitrification solution (VS) were prepared. ES1 consisted of 10% ethylene glycol (EG; Wako, Japan) alone, and ES2 was 10% EG and 10% dimethyl sulfoxide (DMSO; Kanto Co., IMC., Tokyo, Japan), in a holding medium (TCM199 with HEPES and 20% FCS). VS consisted of 20% EG, 20% DMSO and 0.2 M sucrose in the holding medium. The blastocysts were washed three times and transferred to the holding medium. A blastocyst was equilibrated in ES1 for 3 min, then in ES2 for 5 min at 37 C. Finally, the blastocyst was vitrified in VS for 30 sec at 37 C and loaded into a GL-Tip attached to a micropipette. The GL-Tip containing a blastocyst was directly plunged into liquid nitrogen (LN2). The GL-Tip was released from the micropipette and stored in a LN2 tank using 0.5 ml plastic straws as holders.
T h e v it r i fie d bl a s t o c y s t w as w a rm ed b y immersing the tip part of the GL-Tip into 0.5 M sucrose solution at 37 C, and the blastocyst was expelled into the same solution for 1 min. Then, the blastocyst was equilibrated in 0.125 M sucrose and holding medium for 5 min at 37 C, respectively. Subsequently, after three washes in wash medium, the blastocyst was transferred for culture to a 6 µl drop of the IVC medium at 39 C in an atmosphere of 5% CO2, 5% O2, 90% N2 and 95% humidity in order to assess the survival rate. Re-expansion and hatching rates as a percentage of vitrified blastocyst survival were determined 24 and 72 h after warming, respectively.
Experiment 1: Effects of EGF, cysteamine and oxygen tension during oocyte maturation
Immature oocytes were individually cultured in the IVM medium under 20% O2 or 5% O2 with 1) no addition (control), 2) 10 ng/ml EGF, 3) 100 µM cysteamine, or 4) EGF plus cysteamine (8 groups). Cleavage and embryonic development were investigated at 72 and 192 hpi, respectively.
Experiment 2: Effects of different glucose concentrations in the maturation medium under low oxygen tension
We hypothes ized that under low oxygen tension, glycolysis, as an anaerobic metabolic pathway, may maintain ATP production system. Thus, under this condition, glucose as an energy substrate of COCs may be important. Therefore, the effect of glucose supplementation higher than the normal glucose concentration in the SOF medium (1.5 mM) was examined. Immature oocytes were individually cultured in the IVM medium containing 0, 1.5, 5.5, 10 or 20 mM glucose under 5% O2 and compared with culture in the IVM medium supplemented with 100 µM cysteamine and 10 ng/ml EGF under 20% O2. The state of nuclear maturation was investigated 24 h after IVM.
Experiment 3: Effects of EGF and cysteamine in the presence of 5.5 mM glucose in the maturation medium under low oxygen tension
There were six individual culture treatments in Experiment 3. One treatment acted as a positive control in which the basal IVM medium (mSOFaa + PVA) was supplemented with 1.5 mM glucose, 10 ng/ml EGF and 100 µM cysteamine under 20% O2. In the other five treatments, immature oocytes were cultured in the IVM medium under 5% O 2 with 1) no addition (control), 2) 5.5 mM glucose, 3) 5.5 mM glucose plus 10 ng/ml EGF, or 4) 5.5 mM glucose plus 100 µM cysteamine or 5) 5.5 mM glucose plus 10 ng/ml EGF and 100 µM cysteamine .
N uclear matur ation (Ex per iment 3a) and intracellular glutathione concentration (Experiment 3b) 24 h after IVM, fertilization of matured oocytes at 18 hp i (E x per im ent 3c ), an d em b r yo n ic development at 72 and 192 hpi (Experiment 3d) were investigated.
Experiment 4: Quality of blastocysts derived from different culture conditions
Six treatments were compared for the survival of blastocysts derived from individual or group culture sys tems after vitrific atio n. In four treatments, oocytes were cultured individually in the IVM medium containing 5.5 mM glucose under 5% O2 with 1) no addition (negative control), 2) 10 ng/ml EGF, 3) 100 µM cysteamine, or 4) 100 µM cysteamine plus 10 ng/ml EGF. In the two other treatments, the oocytes were cultured under 20% O2. For fifth treatment, the oocytes were cultured individually in the medium supplemented with 0.8% BSA, 1.5 mM glucose, 10 ng/ml EGF and 100 µM cysteamine. The IVM medium for the group culture system contained 10% FCS in the sixth treatment. Blastocysts obtained 168-192 hpi were vitrified and warmed as described previously.
Statistical analysis
The general linear models (GLM) procedure of Statistical Analysis System (SAS) was used for analysis of variance in each factorial study for the mean proportions of three to four replicates in Experiments 1, 2, 3a, 3c, 3d and 4. Furthermore, Duncan's multiple range test (SAS) was also carried out to examine significant differences among the treatments. The GLM procedure of the SAS was used to assess the statistical difference among the mean intracellular GSH concentration in bovine oocytes with P < 0.05 being accepted as significant.
Results
Experiment 1
Cleavage and blastocyst rates were significantly higher (P < 0.05) in culture under 20% O2 (60.2% and 9.8%, respectively) than in culture under 5% O2 (50.5% and 4.2%, respectively). The differences between the supplements were not significant, and no apparent significant interactions were revealed between the treatments. Table 1 , the proportions of cleaved oocytes which matured in the IVM medium with the addition of different supplements under 5% O2 were significantly (P<0.05) lower than those of oocytes matured under 20% O2. The addition of EGF and cysteamine to the IVM medium under 5% O 2 did not affect the proportion of cleaved oocytes. Under 20% O2, the addition of cysteamine alone or EGF plus cys teamine significantly (P<0.05) increased the proportion of cleaved oocytes when compared to the control. The frequencies in the blastocyst development of oocytes matured in the IVM medium supplemented with cysteamine alone or EGF plus cysteamine under 20% O2 were greater (P<0.05) than those of oocytes matured in the other treatments.
As shown in
Experiment 2
The proportions of oocytes achieving M-II stage when cultured in the presence of 1.5 mM glucose under 20% O2, or 5.5 mM (66.7%) and 10 mM (65.5%) glucose under 5% O2, were significantly higher (P<0.05) than those found with glucose levels of 0, 1.5 or 20 mM in culture under 5% O2 ( Table 2) .
Experiment 3a
As shown in Table 3 , the proportion of matured oocytes was significantly (P<0.05) increased in the presence of 5.5 mM glucose in the maturation media (66.7-71.3%) compared with that of cultured in the absence of glucose (43.3%) under 5% O2. Both EGF alone and EGF plus cysteamine in the presence of 5.5 mM glucose resulted in maturation levels similar to those of oocytes matured under 20% O2.
Experiment 3b
The mean intracellular GSH concentration in the oocytes immediately before IVM was 0.26 nM (Fig.  1) . The GSH concentrations in the oocytes did not increase during IVM in culture in the IVM medium without (0.26 nM) or with glucose alone (0.29 nM) under 5% O2 or under 20% O2 (0.33 nM). However, the GSH concentrations were significantly (P<0.05) increased during IVM when cysteamine (0.46 nM) a lo n e w a s a dd ed t o t he m a t ur a t io n m ed ia containing glucose. The GSH concentration in the oocytes cultured in the IVM medium containing glucose with the addition of cysteamine was the highest among all groups under 5% O2, and it was significantly (P<0.05) higher than that in the oocytes matured under under 20% O2.
Experiment 3c
As shown in Table 4 , either EGF or cysteamine alone or both EGF and cysteamine in the presence of 5.5 mM glucose under 5% O 2 significantly (P<0.05) increased the proportions of penetrated oocytes compared with the IVM medium alone and the medium containing glucose alone, and showed levels similar to those in culture under 20% O2. Also, the addition of both EGF and cysteamine in the presence of glucose significantly (P<0.05) decreased the polyspermy rate compared with the addition of EGF with glucose and no addition, when oocytes were matured under 5% O2. 
Experiment 3d
As shown in Table 5 , the proportions of cleaved (2-cell stage) oocytes in the IVM medium alone or with glucose were significantly (P<0.05) lower than in the other IVM media. The highest proportion of cleaved oocytes was obtained with the addition of both EGF and cysteamine to the IVM medium containing glucose, and it was significantly (P<0.05) higher when compared with oocytes m at ured under 2 0 % O2. U nder 5 % O 2 , t he proportion of 8-cell embryos in the medium containing glucose, EGF and cysteamine was significantly (P<0.05) higher than in the IVM medium alone (17.3%) or with glucose or glucose and EGF.
The addition of EGF or cysteamine alone, or both EGF and cysteamine in the presence of glucose significantly (P<0.05) increased the proportion of blastocysts, and resulted in levels similar to those of oocytes matured under 20% O2 (15.9%).
Experiment 4
The individually cultured oocytes in the media supplemented with EGF and cysteamine, alone or in combination, significantly (P<0.05) improved the re-expanding (76.6-83.3%) and hatching (50.0-62.5%) rates of blastocysts to levels comparable with control medium.
In our group IVP system, the mean proportion of blastocyst formation was 30.3 ± 7.8% (n=200, 4 r e pl i c a te s). C y st ea m i n e a lo n e ( 62 . 5% ) or cysteamine plus EGF (57.1%) in the individual culture system significantly (P<0.05) increased the hatching rate of vitrified and warmed blastocysts, compared with the group culture system with FCS under 20% O 2 (44.4%) and control medium under 5% O 2 (40.0%). The hatching rate in the individual culture adding cysteamine alone under 5% O2 was significantly higher (P<0.05) than those in the two treatments under 20% O2.
Discussion
I nt r ac el lu la r G SH pl ays c r it i c al ro les in maintaining the redox state of oocytes and embryos by protecting cells against oxidative stress, and the intracellular GSH concentration at the end of IVM is a good biological indicator of the cytoplasmic maturation and viability of an individual oocyte. Oxidative stress by the generation of hydrogen peroxide (H 2 O 2 ) may diminish the intracellular GSH level. The intracellular H 2 O 2 content of in vitro matured oocytes under high oxygen tension was significantly higher than that of oocytes matured under low oxygen tension [16] . Therefore, we expected that when low oxygen tension was used for IVM, the addition of cysteamine and/or EGF to the maturation medium would be effective in increasing the intracellular GSH concentration in the oocyte by stimulating the de novo GSH synthesis and reducing the generation of ROS, compared with high oxygen tension.
The results of the present study show that under low (5%) oxygen tension, the addition of EGF and/ o r cyst ea mine int o the ma turation medium containing 1.5 mM glucose did not improve e m b r y o d e v e l op m e n ta l c o m p e t en c e . T h e important point to note is that energy substrates required for oocyte maturation and embryonic development may differ under low and high oxygen tensions. Changes in the metabolism in oocytes and embryos owing to inappropriate energy substrates in a culture medium might lead to a reduction in the developmental competence and viability of embryos produced in vitro. Rose-Hellekant et al. [30] demonstrated that the type of energy substrates used in IVM profoundly affected the subsequent developmental co mpetence. Essentially, when oocytes are matured under low oxygen tension, optimization of energy substrates may be required to achieve high developmental competence. Hashimoto et al. [31] demonstrated that under low oxygen tension, the glucose level was critical for supporting meiotic maturation of bovine COCs in a dose-dependent manner (up to 20 mM). In the present study, 5.5-10 mM glucose, which are higher concentrations than in the normal m S O F a a ( 1 . 5 m M ) , i m p r o v e d t h e n u c l e a r maturation of bovine oocytes, but adding 20 mM glucose had a detrimental effect. It has been shown that an excessive gluco se level during IVM impaired the subsequent development of bovine oocytes, probably due to the increase of ROS under high oxygen [31] . Moreover, in the presence of 5.5 mM glucose, cysteamine and/or EGF improved fertilizability and developmental competence. Accordingly, adding EGF and/or cysteamine to the maturation medium was effective under low oxygen tension only when 5.5 mM glucose was contained in the maturation medium.
The present results show that adding cysteamine and/or EGF to the maturation medium had no positive effect on nuclear maturation, but improved the rate of penetrated oocytes and decreased the incidence of polysperm y. This reflects the stimulation of de novo GSH synthesis during oocyte maturation. After sperm penetration of oocytes, GSH participates in sperm nuclear decondensation and subsequent male pronuclear formation [32] . During this process, a certain accumulation of GSH may be required. In addition, de Matos and Furnus [17] suggested that the pool of GSH synthesized during IVM might be important for the fertilization process. Furthermore, they [17] demonstrated that when cysteamine was added to a maturation m e d i u m t h e i n t r a c e l l u l a r G S H l e v e l w a s maintained at a high level up to the beginning of I V C , r e su l t i n g i n a n i m p r o v e m e n t i n t h e development rate. This result is supported by the present results in which adding EGF and/or c ys t e am i ne t o t h e IVM m ed iu m i m pr o v ed embryonic developmental competence. There are several reasons why oocytes cultured under high oxygen tension did not enhance the IVM rate. One is that the addition of EGF and cysteamine was only effective when oocytes were matured under low oxygen tension to stimulate the GSH synthesis. Another reason is that the increasing production of ROS under high oxygen tension may diminish the intracellular GSH concentration.
There have been numerous reports on the effect of adding EGF during oocyte maturation and embryonic development [33, 34] . In the present study, adding EGF to the maturation medium u nd e r l o w o x y ge n t e ns i o n in c r ea s ed G SH synthesis. This is in agreement with the results obtained by Abeydeera et al. [24] , who showed that the addition of EGF to a protein-free maturation medium significantly stimulated the synthesis of GSH in porcine oocytes. Although, no additive effect of cysteamine and EGF was observed in this study, further investigation of how EGF stimulates de novo synthesis of GSH is required.
It is likely that the cryoresistance of oocytes matured under low oxygen tension is higher than that of oocytes matured under high oxygen tension in terms of the survival 72 h after vitrification and warming. This is reflected by the increasing amounts of intracellular GSH in the oocytes matured under low oxygen tension. It has been reported that when GSH synthesis was stimulated during IVM, the embryos developed faster and reached the blastocyst stage at day 6 in culture and t h i s w a s s u g g e s t e d a s b e i n g s u i t a b l e f or cryoresistance [11] . It may therefore be concluded that the low (5%) oxygen tension during IVM has a stimulatory effect on GSH synthesis in oocytes and increases the cryoresistance of blastocysts.
In the present study, embryonic development of oocytes derived from the group IVP system (the proportion of blastocyst formation: 30.3%) tended to be higher than that of the oocytes derived from the individual IVP system. However, the survival rate 72 h after vitrification and warming was higher in the individual IVP system using the IVM media supplemented with cysteamine or both cysteamine and EGF, irrespective of oxygen tension during IVM. There have been few reports on the effect of serum during IVM on the cryoresistance of blast ocysts derived in vitro . Abe et al. [3 5] suggested that an abnormal accumulation of cytoplasmic lipid droplets in bovine embryos cultured in a IVC medium containing serum may lead to reduced cryoresistance. The addition of serum or BSA to a culture media improves oocyte maturation and embryonic development, but prevents identification of the nutrients required for oocyte culture and embryonic development.
It was concluded from the present results that a high glucose level (5.5 or 10 mM) was optimal for IVM culture under low (5%) oxygen tension. The add iti on of E G F and /o r c ys team ine t o th e maturation medium had no positive effect on nuclear maturation of the oocytes, but improved fertilization rate, developmental competence and cryoresistance following vitrification, probably due to increased GSH synthesis during the IVM process.
